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Thorvaldur Thordarson 
Department of Geology and Geophysics, University of Hawaii at Manoa, Honolulu, Hawaii 
Abstract. High resolution Mars Orbiter Camera (MOC) 
images have revealed the existence of clusters of small cones 
in the Cerberus plains, Matte Valles, and Amazonis Plani- 
tia, Mars. These cones are similar in both morphology and 
planar dimensions to the larger of Icelandic rootless cones, 
which form due to explosive interactions between surficial 
lavas and near-surface groundwater. Impact crater size- 
frequency relationships indicate that surfaces upon which 
the cones sit are no older than 10 Ma. If martian cones form 
in the same manner as terrestrial rootless cones, then equa- 
torial ground ice or ground water must have been present 
near the surface in geologically recent times. 
Introduction 
High resolution Mars Orbiter Camera (MOC) images 
have revealed clusters of small cones in the Cerberus plains, 
Matte Valles, and Amazonis Planitia (Fig. 1). The mor- 
phologies and geologic settings of the martian cones are 
consistent with those of rootless cones, constructional fea- 
tures resulting from a series of phreatomagmatic explosions 
following the emplacement of a lava flow over a water-rich 
surface [Thorarinsson, 1953]. Their formation involves me- 
chanical mixtures of lava with water- or ice-laden substrate 
in inflated lava flow fields [Thordarson, 2000]. They are 
called root!ess cones, or pseudocraters, because they do not 
overlie a volcanic vent. 
Other structures interpreted to be rootless cones have 
been identified in Viking imagery of Chryse Planitia [Gree- 
ley and Theilig, 1978], Deuteronilus Mensae [Lucchita, 1978], 
Acidalia Planitia [Allen, 1980; Frey et al., 1979] and Isidis 
Plani•ia [Frey and Jarosewich, 1982]. Unlike the cones dis- 
cussed in this paper, most of these cones measure 600-m 
across the base, or double the size of the largest terres- 
trial rootless cones [Chapman et al., 2000], and it is un- 
clear if the Acidalia and Isidis cones rest on volcanic sur- 
faces. Structures interpreted to be cones similar in size to 
terrestrial rootless cones are observed in Viking images of 
Elysium Planitia [Mouginis-Mark, 1985]. However, those 
smaller cones were observed at the limit of Viking image 
resolution, so their true characteristics are uncertain. The 
structures observed by MOC are the first clearly identified 
martian cones having dimensions, morphologies, and geo- 
logic settings similar to terrestrial rootless cones. 
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Observations of Rootless Cones on Mars 
and Earth 
The cones seen in MOC images range in size from 20-m to 
300-m in basal diameter and have large summit craters with 
diameters about half as wide as the bases (Fig. 2a). These 
dimensions are consistent with the more explosive of the 
Icelandic rootless cones as less explosive cones have smaller 
and narrower summit craters. The martian cones are found 
in clusters ranging from a few to many hundreds of cones 
(Fig. 2a). Such clustering is typical of terrestrial examples 
(Fig. 2b). There are no strong alignments of cones that 
would suggest a fissure vent beneath the lavas within these 
cone fields. Also, lavas do not issue from these cones, while 
lavas often issue from cinder cones. Like terrestrial rootless 
cones, many of the martian cones contain nested craters. In 
many cases, these cones sit on distinctive platy-ridged lavas 
similar to some flows in Iceland [Keszthelyi et al., 2000]. 
Regionally, clusters of cones are noted near the mouth 
of Matte Valles, in southern Amazonis Planitia, and in the 
southwestern parts of the Cerberus plains. The tops of ap- 
parent cones, which are embayed by lava, are seen in addi- 
tional locations. In many cases, cones are proximal to local 
fluvial features such as erosional banks, longitudinal grooves, 
and scoured surfaces. Many hundreds of cones are near or 
eroding out from beneath the Medusae Fossae Formation 
(MFF). Although the origin of the MFF is under debate, 
these cones suggest it may have formed from tephra created 
by interaction between lavas and surface volatiles. 
Icelandic rootless cone fields form in regions where in- 
flated lava flows are emplaced over marshy terrains [Thor- 
darson et al., 1992; Thordarson, 2000]. The Icelandic root- 
less cones typically exhibit well-bedded basal unit of glassy 
(quenched) ash to lapilli scoria which grades upward into a 
crudely-bedded sequence of spatter-rich agglutinates, indi- 
cating that they are formed by sustained eruptions involving 
disintegration of molten lava. Furthermore, Icelandic root- 
less cones have not undergone any post-formational shearing 
which demonstrates that they were deposited onto a station- 
ary upper crust of the lava. These observations strongly sug- 
gest that the Icelandic cone groups are formed by rootless 
eruptions where the lava is fed through internal pathways 
or lava tubes to the site of explosive interaction. Thordar- 
son [2000] also noted that rootless cone groups have only 
been found in association with inflated lava flows where lava 
tubes act as lateral feeders to the explosion site, and are 
constrained to marshy regions where water-saturated sedi- 
ments and lava may intimately mix. By analogy, rootless 
cones on Mars may require sufhcient shallow ground ice to 
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Figure 1. Regional topographic map of Cerberus Plains and 
vicinity. MOLA gridded topogrphy (with a contour interval of 
200-m) has been superimposed over a Viking basemap. Darker 
regions indicate topographic lows, and, for clarity, contour lines 
are not superimposed over the Elysium Mons volcanic complex. 
Arrows indicate downstream directions of known outflow chan- 
nels. Black squares with white centers mark locations of cone 
groups identified in MOC images (labeled). Note clusters of cones 
in SW Cerberus plains and near the mouth of Marte Valles. 
produce water-saturated sediments. There is also evidence 
for inflated lava flows in the western reaches of the Cerberus 
plains, and all of the platy-ridged lava is interpreted as rub- 
bly pahoehoe, where the crust of inflated flows have been 
broken up and/or remobilized [Keszthelyi and Thordarson, 
2000]. 
A variety of other formational processes, including im- 
pact processes, mud volcanism, and rooted cinder cone con- 
struction, have been proposed for other martian cones. How- 
ever, these alternative hypotheses do not adequately ex- 
plain the characteristics of the Cerberus-Amazonis cones. 
Pedestal craters, or impact craters with ejecta blankets that 
armor surfaces undergoing deflation may appear as wind- 
eroded plateaus with craters raised above surrounding ter- 
rains. The features described here are cones, not plateaus• 
and show no evidence for wind erosion. Sedimentary mud 
volcanism has been proposed as an alternate model for the 
formation of cones in Acidalia [Tanaka, 1997]. Ho•vever, 
cones observed by MOC in the vicinity of the Cerberus 
plains, Marte Valles, and Amazonis Planitia clearly sit on 
top of lava surfaces. Rooted cinder cones are vents. for lava 
and are often aligned over fissure vents. The proposed mar- 
tian rootless cones do not appear to have lavas issuing from 
them, and most are grouped in clusters with no obvious 
alignments along fissures. There are strong alignments of 
cones in southwestern Cerberus plains, near to and eroding 
from beneath the MFF, perhaps controlled by the place- 
ment of lava tubes or the supply of water in fractures during 
cone emplacement. However, it is possible that the cones in 
southwestern Cerberus plains may have formed over fissure 
vents and therefore are not rootless. 
Implications for Recent Equatorial 
Ground Ice 
Compared with small crater production functions derived 
by Hartmann [1999], crater size-frequency distributions for 
lavas near the mouth of Matte Valles suggest emplacement 
of surficial lavas less than 10 Ma ago. This result is con- 
sistent with other estimates of surface ages in this region 
[Hartmann and Berman, 2000]. The cones in this region, 
since they sit on top of the lavas, must be no older than the 
lavas themselves. If these are rootless cones, then subsurface 
volatiles were available to produce the cones at the time of 
cone formation. Both water ice [Carr, 1996] and liquid car- 
bon dioxide clathrates [Hoffman, 2000] have been proposed 
to exist in reservoirs in the martian subsurfaqe. However, as 
carbon dioxide at shallow depths in the martian equatorial 
environment would be quickly lost to the atmosphere, it is 
more likely water Would be the active volatile. Assuming 
the sole heat source for rootless eruptions comes from an 
overriding lava flow, Allen [1980] calculated that, in order 
to create a martian phreatic explosion, water or ice must be 
Figure 2. (a) MOC image M08/01962. (Latitude: 26.0øN, Longitude: 189.7øW). Cluster of cones north of the Cerberus plains. 
The scene is illuminated from the southwest. Note that cones rest on platy-ridged lava, interpretted to be rubbly-pahoehoe. Also 
note overlapping and dense clustering of cones. The large cone in the upper-left of image appears to exhibit a nested crater. (b) Air 
photo of rootless cone field in Laki lava flow north of Innryi Eyrar, Iceland. The scene is illuminated from the southeast. Note that 
the scale of these cones is comparable to those of martian cones. Also note overlapping and dense clustering of cones. 
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at a depth of no more than half the thickness of the lava 
flow for water vapor pressure to exceed the lithostatic pres- 
sure. Since Viking based photoclinometric measurements 
of lava flow fronts in the Matte Valles region indicate that 
they are approximately 10-m high [Plescia, 1990], ground ice 
available for creating these cones must have been no deeper 
than about 5-m under the surface at the time of lava em- 
placement. Thordarson [2000] proposes that the volatile-rich 
subsurface must intimately mix with lavas, so it is likely that 
ground ice must have be•n at even shallower depths during 
lava emplacement. 
Possible sources for ground ice include relic ground ice 
remaining from the planet's formation, recondensed water 
vapor from regolith-atmospheric water vapor exchange, and 
recharge from surficial flooding events. It is unlikely that 
relic ground ice has survived for 4 billion years in equatorial 
regions of Mars. Clifford and Hillel [1983] calculated that 
the upper 200-m of the martian regolith would be desiccated 
at equatorial latitudes given present climatic conditions for 
likely regolith characteristics. However, it is possible for 
ground ice to collect in the shallow equatorial subsurface 
in geologically recent times due to changes in water vapor 
exchange rates between the regolith and the atmosphere be- 
cause of obliquity variations [Mellon and Jakosky, 1995]. Fa- 
gents and Greeley [2000] have calculated lower bounds for 
the quantities of ground ice required for the production of 
rootless explosions to reproduce cones of the diameters ob- 
served on Mars. They concluded that vapor exchange be- 
tween the regolith and atmosphere is adequate to input the 
required quantities of water into the subsurface during peri- 
ods of high obliquity. Since obliquity variations are likely to 
occur on timescales on the order of 10 s years, it is possible 
that sui•cient ground ice in this region could be recharged 
through this process if the Fagents and Greeley model is 
correct. 
However, geologic evidence points to recently re-charged 
ground water. The presence of nested craters in some cones 
indicates multiple explosion episodes may have occurred 
due to local recharge of water after an initial explosion, 
which suggests there was sufficient water in the subsurface 
to recharge local aquifers depleted by initial rootless cone 
eruptions. Additionally, several of the proposed rootless 
cone fields appear in or close to fluvial features and in local 
topographic lows. For these reasons, it is likely that req- 
uisite quantities of ground ice were locally recharged with 
surficial water released in regional outflow events. Geomor- 
phic evidence for recent ((100-500 Ma) large flooding events 
through Matte Valles into Amazonis Planitia has been doc- 
umented [Tanaka, 1986; Scott and Chapman, 1995; Burr 
et al., 2000]. For these reasons, we consider recent fluvial 
recharge to be the most likely origin for the shallow ground 
ice. If shallow ground ice in these regions was present less 
than 10 Ma ago, deposits of shallow ground ice probably 
persist in the vicinity of the cone fields to the present day. 
References 
Allen, C. C., Volcano-Ice Interactions on the Earth and Mars, in 
Advances in Planetary Geology, NASA TM-81979, 161-264, 
1980. 
Burr, D. M., A. S. McEwen, and P. D. Lanagan. Recent fluvial 
activity in and near Matte Valles, Mars, Lunar Planet. Sci. 
XXXI, abstract 195i, 2000. 
Cart, M. C., Water on Mars, 229 pp., Oxford University Press, 
New York, 1996. 
Chapman, M. G., C. C. Allen, M. T. Gudmundsson, V. C. Gulick, 
S. P. Jakobsson, B. K. Lucchitta, I. P. Skiling, and R. B. 
Waitt, Volcanism and ice interactions on Earth and Mars, in 
Deep Oceans to Deep Space: Environmental Effects on Vol- 
canic Eruptions, T. K. P. Gregg and J. R. Zimbelman (Eds.), 
Plenum Press, pp. 39-74, 2000. 
Clifford, S. M. and D. Hillel. The Stability of Ground Ice in the 
Equatorial Region of Mars J. Geophys. Res., 88, 2456-2474, 
1983. 
Fagents, S. A. and R. Greeley, Formation of pseudocraters on 
Earth and Mars (abstract), Volcano-Ice Interactions on Earth 
and Mars, 13, 2000. 
Frey, H. and M. Jarosewich, Subkilometer Martian Volcanoes: 
Properties and Possible Terrestrial Analogs, J. Geophys. Res., 
87, 9867-9879, 1982. 
Frey, H. B. L. Lowry, and S. A. Chase. Pseudocraters on Mars, 
J. Geophys. Res., 8•, 8075-8086, 1979. 
Greeley, R., and E. Theilig. Small volcanic constructs in the 
Chryse Planitia region of Mars, NASA TM-79729, 202 pp., 
1978. 
Hartmann, W. K. and D.C. Betman, Elysium Planitia lava flows: 
Crater count chronology and geological implications, J. Geo- 
phys. Res., 105, 15011-15025, 2000. 
Hartmann, W. K., Martian cratering VI: Crater count isochrons 
and evidence for recent volcanism from Mars Global Surveyor, 
Meteoritics •4 Planetary Sci., 3d, 167-177, 1999. 
Hoffman, N. White Mars: A New Model for Mars Surface and 
Atmosphere Based on CO•, Icarus, 1•6, 326-342, 2000. 
Keszthelyi, L., A. S. McEwen, and T. Thordarson. Terrestrial 
analogs and thermal models for Martian flood lavas, J. Geo- 
phys. Res., 105, 15027-15049, 2000. 
Keszthelyi, L., and T. Thordarson. Rubbly pahoehoe: A previ- 
ously undescribed but widespread lava type transitional be- 
tween aa and pahoehoe (abstract), GSA Abstracts with Pro- 
grams, 32, 7, 2000. 
Lucchita, B. K. Geologic map of the Ismenius Lacus quadrangle, 
Mars, scale 1:5,000,000, U.S. Geol. Surv. Misc. Invests. Map 
1-1065, 1978. 
Mellon, M. T., and B. M. Jakosky, The distribution and behav- 
ior of Martian ground ice during past and present epochs, J. 
Geophys. Res., 100, 11781-11799, 1995. 
Mouginis-Mark, P. J., Volcano/Ground Ice Interactions in Ely- 
sium Planitia, Mars. Icarus, 6•, 265-284, 1985. 
Plescia, J. B., Recent Flood Lavas in the Elysium Basin Region 
of Mars, Icarus, 88, 465-490, 1990. 
Scott, D. H., and Chapman, M. G. 1993, Geologic and topo- 
graphic maps of the Elysium Paleolake basin, Mars, scale 
1:5,000,000, U.S. Geol. Surv. Misc. Invests. Map I-œ397, 1995. 
Tanaka, K.L., The stratigraphy of Mars, Proc. 17th LPS Conf., 
J. Geophys. Res., 91, E139-E158, 1986. 
Tanaka, K.L., Sedimentary history and mass flow structures of 
Chryse and Acidalia Planitiae, Mars, J. Geophys. Res., 102, 
4131-4149, 1997. 
Thorarinsson, S., The Crater Groups in Iceland, Bull. Volcanol., 
•Z, •-44, 195•. 
Thordarson, T. Rootless eruptions and Cone Groups in Iceland: 
Products of authentic explosive water to magma interactions 
(abstract), Volcano-Ice Interactions on Earth and Mars, 48, 
2000. 
Thordarson, T., Morrissey, M. M., Larsen, G. and Cyrusson, H., 
Origin of rootless cone complexes in S-Iceland, in The 20th 
Nordic Geological Winter Meeting, edited by A. Geirsd6ttir, 
H. Norddahl and G. Helgad6ttir, Icelandic Geoscience Society, 
Reykjavik, 169, 1992. 
P. D. Lanagan, L. P. Keszthelyi, and A. S. McEwen, Lunar 
and Planetary Laboratory, University of Arizona, Tucson, AZ 
85721. (e-mail: planagan@lpl.arizona.edu; lpk@lpl'arizøna'edu; 
mcewen@ lpl. ar iz o na. edu) 
T. Thordarson, Department of Geology and Geophysics, School 
of Ocean and and Earth Science and Technology University of 
Hawaii at Manoa, 1680 East-West Road, POST Building, 6th 
Floor, Honolulu, HI. (email: møinui@søest'hawaii'edu) 
(Received January 30, 2001; accepted February 28, 2001.) 
